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This work analyzed the neutronics and thermal-hydraulics behavior of the Transatomic Power 
Molten Salt Reactor (TAP MSR) core under load-following operations using a Monte-Carlo 
code, Serpent 2, as well as a UIUC-developed MOOSE-based code, Moltres. A simulation 
method was developed to determine the operational bounds of the TAP MSR core and its 
transient behavior under rapid power ramps using both fresh fuel salt and fuel salt with 
equilibrium 135Xe. The thermal-hydraulics investigation studied the potential of exceeding 
material temperature constraints under simple advection flow versus a flow simulated with 
Incompressible Navier-Stokes physics. Finally, the effects of gas entrainment on the reactor core 
behavior was investigated. 
This study concludes that the TAP MSR core is able to perform rapid load-following operations 
without exceeding its thermal safety constraints. 
The findings in this work were derived from research performed under the DOE ARPA-E 
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Load-following operations of a nuclear reactor are important maneuvers used to adjust the 
reactor power level in order to meet a changing external power demand or in general, to reach a 
desired reactor power state. The load-following capability of a nuclear reactor is an important 
measure in determining its competitiveness against other power sources for the provision of 
non-baseload power. While nuclear power has traditionally been associated with the provision of 
steady baseload power, the potential for the next generation nuclear reactors in taking on 
load-following roles is a significant consideration for the use of these reactors in the 
development of a resilient energy grid. 
A load-following operation is an inherently transient event, which means that there may be 
changes in the reactor core that can compromise safety or adversely affect reactor operations but 
are unobserved in steady operations. Therefore, it is important to study the evolution of the 
reactor parameters in order to evaluate the safety of the reactor under these load-following 
conditions. This can be achieved by modelling the transient neutronics and thermal-hydraulics 
behavior of the reactor core. 
In this work, we look at the load-following behavior of the Transatomic Power Molten Salt 
Reactor (TAP MSR) and how it changes under different conditions, such as 135Xe accumulation, 
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uniform simple advection flow versus non-uniform flow, and gas entrainment in the reactor core. 
Since we are interested in determining the limits of the TAP MSR core, it is worthwhile to first 
establish a conservative estimate of the reactor safety constraints so that we can determine how 
far the reactor parameters are from these safety constraints during the load-following operations. 
In the next few sections, we introduce the design and dimensions of the modelled TAP MSR 
core and highlight its potential safety constraints. 
 
1.1 TAP MSR Primary Loop and Reactor Core 
Figure 1 [1] shows the primary loop of the TAP MSR, which consists of a reactor vessel, a 
passive safety freeze valve, a primary heat exchanger, a set of fuel salt pumps, and a fuel salt 
processing system. The reactor vessel is made of Hastelloy and contains the fuel salt, moderator 
rods, and the control rods. The control rods penetrate the reactor vessel from the top and their 
degree of insertion can be altered in order to adjust the reactivity of the reactor. [1] 
 
  
Figure 1: Simplified schematic of the TAP MSR primary and intermediate loops, reproduced from the 
Transatomic Power Technical White Paper V2.1 [1]. The figure legend is reproduced as follows: A) Reactor 
Vessel, B) Fuel Salt Pumps, C) Primary Heat Exchangers, D) Freeze Valve, E) Primary Loop Drain Tank, F) 
Intermediate Loop Salt Pump,  G) Steam Generator, H) Intermediate Loop Drain Tank, I) Fuel Catch Basin. 
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Molten fuel salt first enters from the bottom of the reactor vessel and undergoes fission as it 
moves upwards into the active region of the reactor, where geometrical and material conditions 
allow for a fission reaction to be sustained. As the fuel salt flows through the reactor core, it 
heats up before exiting from the top. The hot fuel salt then enters the primary heat exchanger 
where thermal energy is transferred to the cooler intermediate loop, resulting in a decrease in fuel 
salt temperature. Thereafter, the fuel salt is treated by a processing system where fission products 
are removed and where the composition of the fuel salt is controlled, before returning to the 
reactor vessel. The flow of the fuel salt in the primary loop is maintained by the fuel salt pumps, 
which are used to adjust the flow rate of the fuel salt. There is also a freeze valve, which can 
drain the fuel salt during an overheating event. 
Since the transient analysis in this study is specifically focused on the core of the TAP MSR, we 
will be considering the reactor core in isolation from the rest of the primary loop. 
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1.2 Core Geometry and Material Properties 
The mesh geometry of the TAP MSR core used in the core simulations is shown in Figure 2. The 
simulated core consists of a reactor vessel wall modelled as a cylindrical shell that contains the 
fuel salt, moderator rods, and control rods. In the actual TAP MSR core design, the top and 
bottom of the reactor vessel are tapered. However, these tapered regions of the core were 
excluded from the simulation geometry in order to reduce model complexity. Within the reactor 
vessel, the moderator and control rods are arranged in regular lattice patterns [Figure 3]. The 
moderator rods consist of Zirconium Hydride (ZrH1.66) encased in Silicon Carbide while the 
Control Rods are composed of Boron Carbide (B4C) and enter the reactor vessel from the top 
through vertical guide tubes. These guide tubes, as well as other support structures, were not 
modelled in order to reduce model complexity. 
Figure 2: Mesh geometry used in this study for the Moltres simulations. Taking advantage of the symmetry present 
in the design, the constructed mesh geometry was 1/8th of the actual reactor core, with reflective boundary 
conditions at the interfaces. The color representations are as follows: Red – Reactor Vessel Wall, Light Yellow – 
Fuel Salt, Dark Gray – Control Rods, Blue – Fuel Salt radially co-located with the Moderator Rods. 
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The moderator and control rods arrangements were based on the Oak Ridge National Lab report 
(ORNL/TM-2017/475) [2]. The control rod material was changed from 70%-Gd2O3–30%-Al2O3 
to B4C in order to increase control worth, as advised by Milestone 2.1 of the MEITNER project 
[3]. In addition, the number of moderator rods was increased from 333 to 347 per quarter core, in 
order to increase the excess reactivity at start-up (BOL) and to reduce moderator rods shuffling 
frequency. 
The relevant material properties are presented in Table 1. Some of the material properties at high 
temperatures (~900K) were approximated due to a lack of available data. 
 
 
The reactor dimensions used in this study are presented in Table 2 [2]. The central 300 cm 
portion of the reactor where the control rods can travel between the parked position (withdrawn) 
and fully inserted position is the active region of the reactor. Axially above and below this active 
region are two 25 cm plenum regions, making the total reactor height 350 cm [Figure 4]. 
  
 
Material Density (103kg·m-3) Heat Capacity, cp 
(JK-1kg-1) 
Thermal Conductivity, kth 
(W·m-1K-1) 
Vessel Wall Hastelloy 8.86   395.8 1 20.9 [4] 
Fuel Salt2 LiF-UF4 3 (6.105-0.001272T) [5]   746.7 [6]   5 4 
Moderator ZrH1.66 5.66   726.7 [7] 19.8 5 [7] 
Cladding SiC 3.21 1200 [8] 77.8 [8] 
Control Rod B4C 2.52 1800 [9] 10 6 [9] 
Table 1: Tabulation of the material property values used in the simulations in this study.  
1 Estimated using Dulong-Petit law. 
2 The viscosity of the fuel salt used in this work was estimated from [5] to be 0.0209 Pa·s. 
3 27.5 mol% UF4, 5% U-235 enrichment. 
4 Thermal conductivity was estimated. T in the density formula refers to temperature in Kelvins. 
5 Thermal conductivity and heat capacity estimated at 900 Kelvins. 
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Figure 3: Axial cross section of the TAP MSR core illustrating the lattice like pattern of the moderator (violet), 
control rods (pink) and fuel salt (yellow). This configuration was based on the Oak Ridge National Lab report 
(ORNL/TM-2017/475) and contains 347 moderator rods per quarter as opposed to the original 333 moderator rods 
per quarter. The number of moderator rods was increased in order to increase the excess reactivity at the beginning 
of life (BOL) of the reactor so that reconfiguration of the moderator rods can happen less often and in a more 
practical operation timeframe. 
Table 2: Dimensions of the reactor, referenced and extended from the Oak Ridge National Lab 
report (ORNL/TM-2017/475) [2].  
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1.3 Reactor Core Constraints 
We consider the overheating of reactor core components to be the most significant constraint in 
the TAP MSR core. While the fuel salt (LiF-UF4, 27.5 mol% UF4), moderator (ZrH1.66), 
moderator cladding (SiC) and control rods (B4C) can tolerate relatively high temperatures, the 
loss of tensile strength of Hastelloy, which makes up the reactor vessel wall and control rod 
guide tubes, limits the overall maximum temperature of the reactor core. It was estimated by 
Yoshioka and Kinoshita [10] that the maximum temperature for Hastelloy should be 
approximately 900 °C to 1000 °C in order to avoid a significant loss of tensile strength, which 
may lead to structural deformation or breakage. Therefore, in this work, we will use 900 °C as a 
temperature constraint for the Hastelloy components. 
Figure 4: 45° RZ cross section of 
the TAP MSR core denoting the 
top and bottom plenums as well 
as the active reactor region. The 
figure is a view of the TAP MSR 
core from a 45 degree angle 
similar to a view from the left 
side of Figure 2 or the diagonal 
line of Figure 3. 
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Another temperature limit is the thawing temperature of the salt freeze valves. In the TAP MSR 
design, the freeze valves located at the bottom of the reactor vessel are designed to thaw at a 
temperature of around 700 °C. Therefore, we also impose a temperature constraint of 700 °C at 
the bottom of the reactor vessel. Nonetheless, such overheating is unlikely to occur unless there 
is a loss of flow caused by an external accident scenario. Under normal operating conditions, and 
possibly under natural circulation, the flow would continuously sweep the hot fuel salt upwards 
from the bottom of the vessel. 
Finally, we note that the outlet salt temperature of the TAP MSR was designed to be around 
650 °C. Considering that the fuel salt melting temperature is 490 °C, we have chosen the reactor 
inlet temperature to be 550 °C, giving a temperature difference of approximately 100 °C when 
the reactor operates at its rated power level (1250MWth). This was achieved by setting the salt 
flow velocity at 53 cm/s, which was estimated from the energy balance of the fuel salt using the 




1 In Chapter 3 and beyond, the salt flow velocity was increased to 65 cm/s to adjust for the slight exceeding of target 
outlet temperature observed in the results of Chapter 2. 






TAP MSR Core Neutronics 
Simulation (Base Case) 
 
The purpose of the base case TAP MSR core neutronics simulation is to determine the bounding 
conditions of the reactor at the (relatively) high- and low-power states and whether the reactor 
can rapidly ramp to and from these power states using the fresh fuel salt and fuel salt with 
equilibrium 135Xe (base cases). The work in this chapter involves the development of tools and 
methodology required to conduct the simulation and the base cases help to demonstrate that the 
methodology produces physically reasonable results. 
 
  
Page 10 of 56 
 
2.1 Key Simulation Procedures and Methodology 
The neutronics simulation of the TAP MSR core can be summarized in the following key steps: 
1) We first calculated the neutronics cross sections of each material present in the reactor 
core (fuel salt, moderator, moderator cladding, control rods, and Hastelloy) using 
Serpent 2 [11]. 
2) We then generated the required reactor geometries and meshes for the MOOSE-based 
[12] code, Moltres [13], [14], using the mesh generation software, Trelis. These 
geometries were identical to the ones used in the Serpent 2 simulations, with the 
exception of a change in control rod positions. 
3) At the same time, we generated the Moltres input files, which described the reactor 
conditions to be simulated in Moltres, such as the inlet temperature, flow rate, and 
material properties. Both the Moltres input file(s) and the Trelis input file(s) were created 
with the help of a Python script which ensured that the Moltres and Trelis input files were 
consistent. 
4) We then used Moltres to solve for the temperature and neutron flux profiles of the reactor 
core, based on the parameters provided in the neutronics cross section files, mesh files, 
and the Moltres input files. 
5) In the case of transient simulations, such as the insertion or withdrawal of control rods, 
we repeated steps 2 to 4 with small step changes in the control rod positions within the 
mesh. 
 
2.1.1 Neutronics Cross Section Generation Using Serpent 2 
To generate the required neutronics cross sections for the Moltres code, the geometry of the TAP 
MSR core, along with the material comprising the volumes in the geometry, was first described 
within a Serpent 2 input file. In addition to the geometry of the reactor core, the Serpent 2 input 
file also contained information regarding the isotopic composition of each reactor core materials, 
which were categorized into separate “universes”. We then performed the Monte Carlo 
simulation with a neutron population of 10,000 for 1000 criticality cycles and 200 inactive cycles 
at the rated power of 1250 MWth, using the Joint Evaluated Fission and Fusion Nuclear Data 
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Library (JEFF-3.1.2) [15]. The output of the Monte Carlo simulation was then formatted into the 
cross section files required by Moltres. These Moltres cross section files described the average 
macroscopic cross section for each material present in the TAP MSR core for a particular reactor 
configuration at the expected temperature range. It should be noted that the Serpent 2 simulation 
only need to be run once for each unique reactor configuration, such as a particular moderator 
rod configuration or fuel salt composition. 
 
2.1.2 Moving-Mesh Technique for Control Rod Movement 
The mesh files used by Moltres were generated using Trelis and were stored in the Exodus-II 
format. They described the reactor core geometry and the details of the mesh such as the 
volumes, surfaces and positions contained in each Block and Surface entity, which would be used 
by Moltres to identify the elements and nodes to assign material properties and boundary 
conditions. 
On the other hand, the Moltres input files defined the type of problem to be solved. They 
contained information such as the fuel salt flow rate, core inlet temperature, materials present 
(along with their properties), the neutron and temperature diffusion kernels (along with the 
neutron multiplication kernels), the simulation time, boundary conditions, as well as the 
reference to the respective neutronics cross section files discussed earlier. 
While Moltres can easily solve for the time-dependent evolution of a reactor using a static 
(constant) mesh, there was no straightforward way to simulate the movement of reactor 
components without changing the mesh geometry. Therefore, to simulate the movement of 
reactor components, such as the insertion or withdrawal of control rods, an approach developed 
in this thesis was to generate multiple mesh files (and their corresponding Moltres input files) 
with minute changes in the reactor geometry at small timesteps, simulate the reactor behavior for 
each pair of Moltres and mesh input files, and finally restarting the simulation for the next pair of 
input files in a chronological order. 
As it would be difficult to keep track of the Moltres and mesh input file pairs, the Moltres and 
Trelis (mesh generation) input files were generated using a single Python script that was capable 
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of interpolating between user defined “key frames”. Each key frame described a particular 
reactor geometry (moderator and control rod positions and degree of insertion), fuel salt flow 
rate, core inlet temperature, and simulation time. Defining two or more key frames and the 
number of timesteps between each pair of key frames allows the script to interpolate between the 
parameters and generate the corresponding Trelis and Moltres input files for each timestep.  
For example, defining two key frames that are 100 timesteps apart, with control rods fully 
withdrawn and inserted, would generate 101 Trelis input files where the control rods are inserted 
at 1% increment. The Trelis input files would then be used to generate the Exodus-II meshes to 
be used in Moltres. Simultaneously, a set of Moltres input files would be generated where their 
parameters (salt flow rate, core inlet temperature and simulation time) were interpolated 
accordingly. 
The main impetus for generating new mesh file for each timestep, instead of an instantaneous 
reactor geometry change, was that the timescales for the reactor transients were at the same order 
of magnitude as the rate of change in reactor configuration (i.e. the movement of control rods). 
Therefore, it is not appropriate to simulate an instantaneous change between the initial and final 
reactor configurations without introducing unacceptable amounts of inaccuracy in the 
load-following transient simulation. 
 
2.1.3 Key Physics in Moltres Simulation 
Moltres is a MOOSE-based Finite Element (FE) Partial Differential Equation (PDE) solver that 
is built specifically to simulate a neutron diffusion (and multiplication) system with advective 
fuel, e.g. a Molten Salt Reactor (MSR). While the use case is typically focused on MSRs, 
Moltres can be used for the simulation of many other advanced reactor systems owing to its 
modular design as a MOOSE-based application. 
In the Moltres simulation of the TAP MSR performed in this work, several key physics govern 
the behavior of the reactor. They are: 
1) Neutron diffusion in all materials and neutron multiplication in the fuel salt. 
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2) Delayed Neutron Precursor (DNP) generation in the fuel salt and subsequent decay, 
which produces delayed neutrons. 
3) Temperature diffusion in all materials. 
4) Convection of thermal energy in the flowing fuel salt, which is modelled as an advection 
of temperature. 
5) Convection of DNP in the flowing fuel salt, which is modelled as an advection of DNP 
concentration. 
Expressing the above physics in mathematical form, we have the following equations, which are 
reproduced from [13]: 





− ∇ ⋅ D𝑔∇𝜙𝑔 + Σ𝑔















From left to right, the terms represent the time rate change of neutron flux, the spatial diffusion 
of neutron flux, the removal of neutron flux via absorption and out-scattering, the neutron flux 
gained from in-scattering, neutron multiplication (fission) and finally the neutron flux gained 
from delayed neutrons, respectively. 
In this work, we are only considering 2 groups of neutron fluxes, fast and thermal, with the 
g-indices being 1 and 2. At the same time, we have 8 DNP groups which result in the i-indices 
being 1 through 8. One simplifying assumption in the Moltres simulation is that the delayed 
neutrons are only generated as fast neutrons (i.e. group 1). It should also be noted that the fission 
term only applies to the fuel salt region. 
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In this equation, the terms represent the time rate change of DNP concentration, the DNP 
generation from fission, the loss of DNP concentration due to decay, and the advection of DNP 
concentration due to the flow of the fuel salt. The advection term represents the uniform upwards 
movement of the DNP concentration due to the upwards flow of the fuel salt. However, the last 
term can be changed to one where the DNP concentration follows a velocity field instead of a 
uniform upwards flow (∇ ⋅ ?⃗? 𝐶𝑖). 




+ ∇ ⋅ (𝜌𝑓𝑐𝑝,𝑓?⃗? ⋅ 𝑇𝑓 − 𝑘𝑓∇𝑇𝑓) = 𝑄𝑓 
In this equation, the terms represent the per unit volume time rate change of thermal energy (or 
temperature if we divide the whole equation by 𝜌𝑓𝑐𝑝,𝑓), the convection of thermal energy, the 
spatial diffusion of thermal energy, and the volumetric heat generation. 
Similar to the DNP equation, the convection term is reduced to advection if the salt flow is a 
uniform upward flow. This convection/advection term would only apply to the fuel salt region as 
only the fuel salt is flowing in the reactor. Similarly, it is common for the volumetric heat 
generation term to apply only to the fissioning fuel salt region. Nonetheless, Moltres allows for 
the case where the energy generated is further distributed into gamma and neutron irradiation 
heating in the other materials. In this work, we opted for the simpler former approach in order to 
reduce computational cost. 
 
2.1.4 Calculation of Neutron Multiplication using Moltres 
Besides solving for the neutron flux and temperature profiles of the reactor, we have also 
configured Moltres to solve for the approximate neutron multiplication factor (keff) of the reactor 
at each timestep via an eigenvalue problem approach. Moltres does so by first taking a 
simulation output and extracting the temperature profile of the particular timestep(s) of interest 
in order to determine the macroscopic cross sections of each element in the mesh [Figure 5]. 
With the cross sections of each element known, Moltres then solves the neutron diffusion 
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equation for the largest k-eigenvalue which is the neutron multiplication factor (keff) of the 
reactor. 
During steady state operations, this k-eigenvalue is expected to be a constant that is close to 1. 
However, during reactor transients, such as the movement of control rods, the k-eigenvalue 
would change over each timestep. By observing the change of k-eigenvalue over time, we can 
obtain a picture of how the reactivity of the reactor core behaves in response to a transient 
operation. 
Additionally, by solving for the k-eigenvalue a second time using a mesh geometry with control 
rods fully inserted, the difference between the two k-eigenvalues can be used to provide an 
indication of the shutdown margin of the reactor, thereby giving us another way to evaluate the 
neutronics safety of the load-following operations.2 
  
 
2 This shutdown margin study was ultimately not performed in this work after we had changed the control rod 
material to B4C. The new control rod material was found to be performing ‘too well’ as a neutron absorber such that 
shutdown margin was not a concern for the fuel compositions used in this work. Nonetheless, the tools and 
methodology are in place for such a study and can be used evaluate other fuel compositions or moderator rod 
configurations. 
Figure 5: Schematic of the method used to determine the k-eigenvalue of the reactor at a particular state. The 
example shown was from an MSRE simulation which was used to test the Moltres k-eigenvalue method. 
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2.1.5 Simulation Approach for Load-Following and Effects of 135Xe 
The Moltres simulations were ran on both the Idaho National Lab’s (INL) Falcon 1 as well as 
the National Center for Supercomputing Applications’ (NCSA) Blue Waters computer clusters 
due to the appreciable computing resources required to run the simulations. 
The general strategy for determining the operating conditions at the low-power and high-power 
(~1250 MWth) states involved performing an initial simulation with fresh fuel (“Fresh” case) to 
obtain a steady state solution, before restarting from this solution with perturbed control rod 
positions to obtain the desired reactor power. From here, the operational envelope for 
load-following was determined by performing transient power ramp simulations between the two 
reactor states. These procedures were repeated for a fuel salt containing 135Xe at equilibrium 
levels (“Xenon” case). 
We obtained the composition of the fuel salt with equilibrium 135Xe concentration by performing 
a burnup calculation in Serpent 2 until the reactivity of the TAP MSR stabilizes. The 
stabilization of the reactivity signifies that the buildup of neutronically important fission 
products, including 135Xe, has reached quasi-equilibrium concentrations. From Figure 6, this 
Figure 6: Reactivity dynamics of the TAP MSR at a uniform temperature of 900 K with all control rods 
withdrawn and with the fuel salt composition at the beginning of life (BOL). The reactivity was calculated in 
Serpent 2 to determine the time when fission product concentrations, including 135Xe, would reach quasi-
equilibrium. The reactivity reached a steady state after around 2 days but the burnup time for the extraction of 
fuel salt composition was chosen to be 3 days to introduce a suitable margin. From the graph, 135Xe and other 
fission products introduced a reactivity decrease of around 1100 pcm compared with fresh fuel salt at BOL. 
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burnup period corresponds to about 3 days. We then ran the simulations and compared the results 
from the Fresh and Xenon cases in order to determine the effects of 135Xe and other fission 
products on the load-following behavior. 
 
2.2 Results and Discussion 
2.2.1 Reactor Bounding Conditions 
The control rod configuration for the Fresh case is shown in Figure 7. In this configuration, the 
control rods CR2 to CR5 were parked at 0% insertion (i.e. fully withdrawn, residing only in the 
upper plenum region), the two outermost control rods, CR6 and CR7, were fully inserted and 
acted as shims (100% insertion), while the central control rod, CR1, was used for the adjustment 
of reactor power (i.e. load-following). For the Xenon case, CR6 was parked in the upper plenum 
instead of acting as a shim rod in order to counteract the lower reactivity (-1100 pcm) due to the 
presence of fission products including 135Xe. 
Figure 7: Control rod configuration for the TAP MSR simulation with fresh fuel salt. The central rod, 
CR1, was used for power adjustments (load-following), CR2 to CR5 were parked within the top plenum 
while CR6 and CR7 were 100% inserted and acted as shim rods. For the Xenon case, CR6 was instead 
parked in the top plenum to counteract the lower reactivity of the fuel salt. 
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The reason for parking some control rods at 0% insertion was due to a preliminary simulation 
finding that the B4C control rods were too strongly absorbing to enable practicable reactor 
control if all control rods were moved simultaneously. Therefore, we chose the control rod 
deployment strategy shown in Figure 7 where only the central rod was moved during power 
maneuvers while the outer control rods acted as shims (100% insertion) to remove the excess 
reactivity and to allow the full range of the reactor power to be controlled using only the central 
control rod. 
From these configurations, we obtained the bounding reactor parameters of the Fresh and Xenon 
cases and the resulting parameters at the high- and low-power states are summarized in Table 3. 












Fresh (Low)   0.68 84 550.8 - 
Fresh (High) 78.77 60 639.9 794.54 
Xenon (Low)   0.67 75 550.8 - 
Xenon (High) 94.53 55 663.4 856.9 
It should be noted that the initial high-power states in both cases were terminated at a quasi-
steady state due to the considerable amount of computing resources required3. Therefore, the 
high-power states shown were only an approximation of the true steady state. The high-power 
state for the Fresh case was only producing about 79% of the rated power but it was decided not 
to further fine tune the CR1 position due to the computing resources required. 
Comparing the Fresh and Xenon cases, the temperature and neutron flux profiles were largely 
similar for both cases. However, the temperature and neutron flux profiles in the Xenon case had 
a larger spread in the radial direction due to the removal of CR6, which acted as a shim rod in the 
Fresh case. 
 
3 The values for the high-power states in Table 3 were updated with the results from the power up ramps after it was 
observed that the end of the power up ramp simulations produced a better steady state. 
Table 3: Summary of reactor parameters at the high- and low-power states of the Fresh and 
Xenon cases. In the table, the power level is given with respect to the rated power of the TAP 
MSR (1250 MWth). 
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For the Xenon case, the average outlet temperature was in excess of 650 °C at 94.53% of the 
rated power. This suggests that the heat capacity of the fuel salt had been overestimated and that 
the flow rate should be increased in order to lower the outlet temperature while maintaining the 
rated power. This was corrected in the later chapters of this work. 
  
Figure 8: Temperature and neutron flux distrubutions of the TAP MSR at the high-power state using fresh fuel salt 
(top) and equilibrium Xenon (bottom). This view was in the 45° RZ cross section, similar to that in Figure 4. The 
slight inhomogeneity in the temperature of the high-power states was due to the system not reaching a true steady 
state, owing to the considerable amount of computing resources required to proceed. The units of the scales used 
were in 1013 #/cm3 for the neutron fluxes and Kelvins for the temperature. 
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2.2.2 Reactor Power Ramps 
With the approximate high-power and low-power states known, the power ramp simulations 
were then performed between these two states using a control rod (CR1) movement rate of 
50 cm/s and 143 and 119 intermediate mesh files for the Fresh and Xenon cases, respectively 
(i.e. a CR1 movement of 0.5 cm in 0.01 seconds between each intermediate mesh file). The 
reactor power, reactivity, and maximum temperature during the transient operations are shown in 
Figure 9. 
During power down ramps, the reactivity of the TAP MSR reached -185 pcm and -183 pcm, for 
the Fresh and Xenon cases respectively, before recovering towards criticality as the hot fuel salt 
was replaced by cooler and higher density fuel salt. The maximum power change rates were 
about -45% and -51% of the rated reactor power per second at the beginning of the down ramp 
and the time to reach 90% of the target power levels were around 35 s and 23 s for the Fresh and 
Figure 9: Reactor power, reactivity and maximum temperature during power down ramps (top) and power up ramps 
(bottom) for the Fresh (left) and Xenon (right) cases. The movement of control rods started at t = 0.0 s and 
completed at approximately t = 1.5 s. For power down ramps, the reactor power decreased asymptotically after the 
completion of control rod movement while for power up ramps, the reactor power briefly overshot the target level 
before stabilizing. 
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Xenon cases, respectively. This implies the power down ramp rates of approximately -120% 
(Fresh) and -220% (Xenon) of the rated reactor power per minute. 
Meanwhile, during power up ramps, the reactivity of the TAP MSR reached +190 pcm (Fresh) 
and +186 pcm (Xenon) by the completion of the control rod movement. The maximum power 
change rate was about +30% (Fresh) and +40% (Xenon) of the rated reactor power per second, 
and the time to reach the steady target reactor power levels was about 25 s for both cases. This 
implies a power up ramp rate of approximately +185% (Fresh) and +225% (Xenon) of the rated 
reactor power per minute. 
During power up ramps, the reactor power briefly overshot the target level by around +18% 
(Fresh) and +30% (Xenon) before decreasing to the desired steady state power level. Such 
overshoot was expected and even required in order to increase the average fuel salt temperature 
to that in the high-power state. However, because of this power overshoot, the maximum local 
temperature should be monitored to determine if the temperature limit has been exceeded. It was 
observed that the maximum local temperature was 842.6 °C for the Fresh case but 949.6 °C for 
the Xenon case, which was higher than the temperature constraint for Hastelloy components 
(900 °C) as discussed in section 2.3. 
Figure 10: A top down view of the 
temperature profile of the TAP MSR 
during the timestep when the maximum 
temperature occurred. The regions in dark 
blue were either at or below 900 °C while 
the regions in light blue to red were 
nominally higher than 900 °C, up to a 
maximum of 949.6 °C. The shape and 
irregularity of the non-conforming regions 
suggest that the temperature values in 
these regions were artefacts of the coarse 
mesh used and the components in the TAP 
MSR might not necessarily have exceeded 
the temperature constraints. 
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While this could be due to the fact that the power ramp in the Xenon case was closer to 100% of 
the rated reactor power, an examination of the temperature profile [Figure 10] suggests that the 
high temperature was likely a numerical artefact due to the coarseness of the mesh. Therefore, 
the components in the simulated TAP MSR might not necessarily have exceeded the temperature 
constraints.  
In the following chapters, the control rod configuration and salt flow rate were refined which 
eliminated this overheating issue in the simple advection scheme. 
  









The purpose of the thermal-hydraulics core simulation was to improve the fidelity of the fuel salt 
flow from a simple advection model in Chapter 2 to an Incompressible Navier-Stokes (INS) 
model. The work in this chapter and Chapter 4 helped to determine the differences in the salt 
flow profiles between the two methods and their effects on the reactor temperature as well as 
whether the temperature constraints could be met. 
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3.1 Key Simulation Procedures and Methodology 
The thermal-hydraulics simulation of the TAP MSR core was performed using the following key 
steps: 
1) We first performed a steady state simulation of the fuel salt flow using the 
Incompressible Navier-Stokes (INS) physics submodule in MOOSE. Because the control 
rods in the TAP MSR were housed in guide-tubes, the fuel salt flow was largely isolated 
from the varying control rods positions. This meant that one single salt flow simulation 
could be reused for different control rods configurations, assuming that the differences in 
neutronics behavior do not significantly affect the salt flow. 
 
2) We then simulated the neutronics of the TAP MSR with the uniform advection scheme 
using Moltres, similar to the steps taken in Chapter 2. The neutronics simulations 
determined the high- and low-power states and the transient ramp behavior between these 
states, using fresh fuel salt and fuel salt with equilibrium 135Xe. 
 
3) The neutronics solution, which determined the heat generation profile, was then 
combined with the steady state fuel salt flow (velocity field) solution to obtain a new 
uncoupled thermal-hydraulics solution. 
 
3.1.1 Incompressible Navier-Stokes Simulation 
To simulate the Incompressible Navier-Stokes flow of the fuel salt, we used the Navier-Stokes 
physics module [16] from MOOSE for the simulation kernels, with PSPG and SUPG 
stabilizations4 enabled and with a stabilization factor of 1/3 for the PSPG and 1/2 for the SUPG 
stabilization schemes. The body force physics (gravity) was not included as the INS simulation 
was performed using uniform fuel salt temperature (i.e. uniform fuel salt density); as the reactor 
was vertically oriented, the inclusion of gravity would only increase axial pressure drop without 
changing the local flow solution. 
 
4 PSPG: Pressure-Stabilized Petrov-Galerkin ; SUPG: Streamline-Upwind Petrov-Galerkin 
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In mathematical form, we have the following equations for the INS physics before stabilization: 
1) Mass balance (incompressible flow): 
∇ ⋅ ?⃗? = 0 
This term represents the incompressible flow, which is the result of setting the material 
derivative of density to be zero in the Navier-Stokes mass balance equation. 




+ 𝜌(?⃗? ⋅ ∇?⃗? ) = −∇𝑃 + 𝜇∇2?⃗? + 𝜌𝑔  
From left to right, the terms represent the per unit volume time rate change of momentum, 
the convection of momentum, the pressure force, viscous stress force, as well as the 
gravitational body force. In this chapter, the gravitational acceleration was set to zero which 
resulted in zero contribution from the last term. However, in Chapter 4, the gravitational 
acceleration was set to -9.81 ms-2 ?̂? with the inclusion of a 𝜌𝛼𝑔 (𝑇 − 𝑇𝑟𝑒𝑓) term in order to 
capture the Boussinesq body force. 
 
The reactor geometry used in the simulation of the INS salt flow was identical to that used in the 
neutronics simulation (simple advection). However, we made a slight change in the INS 
simulation mesh so that the fuel salt could flow freely within the top and bottom plenums, which 
is shown in Figure 11. 
For the boundary conditions, all internal surfaces were given the no-slip boundary conditions 
(zero velocities at the surfaces) while the reactor inlet and outlet were given an axial velocity 
(59.4 cm/s) which was adjusted to match the simple advection flow velocity of 65 cm/s in the 
central reactor region5. 
 
5 The INS inlet and outlet boundary condition of 59.4 cm/s takes into account the absence of moderator rods in the 
plenums and the effect of no-slip boundary condition due to the vessel wall so that the salt flow rate can match that 
in the simple advection flow. 
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For the symmetry sides of the mesh geometry, we applied the reflective boundary condition of  
?⃗? ∙ ?̂? = 0. In addition to the velocity boundary conditions, the pressure at the reactor outlet was 
set to zero to ‘pin’ the pressure solution numerically. 
The key output of the INS simulation is the velocity field of the fuel salt in the core, which is 
used in the simulation approach discussed in section 3.1.3. 
 
  
Figure 11: Mesh geometry used in the Simple Advection simulation and the Incompressible Navier-Stokes 
simulation. The figure shows the ‘walls’ of the reactor features with the flowing fuel salt depicted as the transparent 
space. In the Simple Advection geometry, the regions axially above and below the moderator rods were treated as 
no-flow regions while that in the Incompressible Navier-Stokes allow fuel salt to flow freely. 
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3.1.2 Simple Advection Neutronics Simulation and Optimization of 
Control Rod Maneuver Strategy 
The neutronics simulation scheme used in this work was similar to that described in Chapter 2. 
However, an improvement was made in the way that the shim control was deployed. 
From our simulations in Chapter 2, we had determined that a ‘black mode’ control rod 
configuration, where all control rods were inserted at the same axial position, resulted in a 
reactivity change that was too sensitive to rod insertion to allow practical reactor control. 
Therefore, we used shim rods to reduce the excess reactivity. 
In Chapter 2, the outermost control rods were inserted fully to reduce the core reactivity down to 
a controllable range, which was managed by the central (load-following) control rod. 
Meanwhile, the rest of the ‘unused’ control rods were parked (withdrawn) in the upper plenum. 
In this chapter however, we had optimized the control rod deployment by distributing the shim 
control evenly amongst the non-central control rods. This involved placing the non-central 
control rods at the same axial position to absorb the excess reactivity before using the central 
control rod for load-following.  
The difference in neutron flux profiles resulting from the different shim controls is illustrated in 
Figure 12. In Figure 12, the axial views were taken from the diagonal side of the reactor in the 
RZ plane while the radial views were taken from the cross section of the reactor near the region 
of highest neutron flux. 
In the previous shim control method, because there were two fully inserted shim rods, the 
neutron flux was being suppressed to form a cross-shaped region. If we require that the reactor in 
both configurations produce the same amount of power, the heat generation in the previous 
configuration would be confined to the cross-shaped region and run the risk of overheating. 
Additionally, the neutron flux shape caused by the fully inserted shim rods would cause the 
moderator rods behind them to become ineffective. 
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In the current optimized control rod deployment, because all control rods other than the central 
rod were placed at the same axial position, the neutron flux at the fissioning region of the core 
was unhindered by the control rods in the radial direction. This helped to spread out the neutron 
flux more evenly, leading to more uniform heat generation and resulting in a lower maximum 
temperature. 
Figure 12: Neutron flux profiles (Group 1) resulting from the shim control methods used in the Chapter 
2 (left) and the current chapter (right). The rectangular views at the top were taken from the diagonal 
side of the reactor in the RZ plane while the circular views were taken from top-down of the cross 
section of the reactor near the region of highest neutron flux. The difference in maximum neutron flux 
values in this figure was partly due to the difference in reactor power (left: 78.8% VS right: 88.0%). 
The units of the scales used were in 1013 #/cm3. 
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3.1.3 Uncoupled Thermal-Hydraulics Simulation for Heat Advection 
The heat generation profile from the neutronics simulation was combined with the INS velocity 
field solution to yield the uncoupled thermal-hydraulics solution. This was achieved by 
generating heat (temperature) using the neutron flux profiles obtained in the neutronics 
simulation and advecting the generated heat with the velocity field obtained in the INS 
simulation. The heat (temperature) advection was performed with SUPG stabilization as solving 
for scalar advection via the Finite Element approach would produce spurious and unphysical 
overshoots and undershoots if numerical stabilization was not used. Nonetheless, while greater 
amounts of stabilization would lead to lower artefacts and faster convergence, care was taken to 
use the minimum stabilization required for the elimination of overshoots and undershoots in 
order to avoid introducing unnecessary numerical errors. 
It should be noted that the above method only yields the uncoupled thermal-hydraulics solution, 
where there is no feedback between the neutronics and INS physics. We had chosen this 
approach instead of a fully coupled method due to the prohibitively high computational cost 
required in the fully coupled method. This topic will be elaborated further in the discussion in 
section 3.2.4.  
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3.2 Results and Discussion 
3.2.1 INS Solution 
The velocity and pressure solutions of the INS simulation are shown in Figure 13. In the figure, 
the axial velocity of the fuel salt in the central bulk region between the moderator and control 
rods reached approximately 90 cm/s (upwards) before decreasing towards zero near the reactor 
surfaces. The velocity in the bottom plenum was largely uniform except at the regions upstream 
of the moderator rods, where the fuel salt decelerated upon approaching the moderator rods. In 
the top plenum, the fuel salt formed separate high and low velocity channels downstream of the 
moderator rods before mixing near the top boundary due to the imposed velocity boundary 
condition. 
Figure 13: Velocity (left) and pressure (right) profiles from the diagonal side of the reactor in the RZ plane. In 
the figure, only the fuel salt was shown, with the reactor features (vessel wall, control rods, moderator rods) 
removed. The units of the scales used were cm/s and 102 Pa for the velocity and pressure profiles respectively. 
The fuel salt flow in the figure was directed upwards. 
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Due to the coarse mesh size used in the 1/8th core model, we were only able to obtain a 
laminar-like velocity field solution with approximately quadratic velocity profiles between 
reactor surfaces with no-slip boundary conditions. Nonetheless, the Reynolds number    
(𝑅𝑒 ≈ 3300) for the equivalent simple advection velocity suggests that the flow would have 
turbulent characteristics. 
The discrepancy between the expected turbulent flow characteristics and laminar-like solution in 
the current INS velocity solution would result in two important consequences: 
I. The actual velocity profile of the fuel salt between reactor surfaces would be more 
uniform compared with the current INS solution due to the presence of turbulent mixing. 
This flattening of the velocity profile would bring the axial velocity closer to that of the 
simple advection case. The turbulent mixing would also reduce the size of the low 
velocity zone around the reactor surfaces. 
 
II. The increased mixing from turbulence would increase the heat transfer rate between the 
reactor surfaces and the bulk of the fuel salt. This would reduce the maximum local 
temperature of the reactor core by allowing hot fuel salt to advect more readily away 
from the reactor surfaces. 
For the pressure profile, there was a distinct high-pressure zone in the bottom plenum before 
transitioning to a low-pressure zone once the flow passed upwards into the reactor active region. 
The small amounts of negative pressure values were the result of some undershooting of the 
pressure solution caused by an insufficient numerical stabilization. While the pressure profile 
suggests a sharp pressure drop of approximately 650 Pa as the fuel salt crosses upwards of the 
bottom plenum, it should be noted that the simulation was performed without gravitational 
acceleration. In practice, the hydrostatic pressure due the weight of the fuel salt 
(𝜌 ≈  5000 𝑘𝑔/𝑚3) would be much greater than this pressure drop. 
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3.2.2 Simple Advection Neutronics Solution 
The bounding neutronics solutions for the fresh fuel and equilibrium 135Xe cases (“Fresh” and 
“Xenon” cases for brevity) with simple advection are presented in Table 4. Table 4 summarizes 
the percentage power level (of the rated 1250 MWth), position of the shim and central control 
rods, average core outlet temperature and the maximum local temperature, at the high-power and 
low-power states. In these steady state solutions, the axial and radial neutron flux profiles were 














Fresh (Low) 7.70 57 81 557 563 
Fresh (High) 88.0 57 70 641 723 
Xenon (Low) 5.97 39 69 555 561 
Xenon (High) 69.5 39 62 622 704 
From these high- and low-power steady states, the load-following simulations were performed 
for the Fresh and Xenon cases similar to that done in the previous chapter. The results of the 
power up ramp operations are shown in Figure 14. 
For both the Fresh and Xenon cases, the movement of the central control rod in the power up 
ramp operation completed in around half a second. Since the graphs are approximately scaled 
with respect to their final power level, they provide a rough indication of the transient response 
time for the two cases. In Figure 14, the reactor response in terms of the rise in reactor power and 
maximum temperature was slower in the Xenon case compared with that in the Fresh case. 
Because both transients occurred on the order of a few seconds, the difference in response time 
would produce negligible impact on power load-following operations. However, the faster power 
response in the Fresh case could lead to a faster and greater rise in local temperatures due to a 
more rapid heating of the fuel salt. This is observed in Figure 6 where there is a greater and faster 
rise in maximum local temperature in the Fresh case as compared with the Xenon case. 
Additionally, since the active fissioning region was confined within the ‘un-shimmed’ region, 
which was smaller in the Fresh case (129 cm axially) as compared with the Xenon case (183 cm 
Table 4: Summary of the reactor conditions for simulations performed with the simple advection scheme using 
Fresh Fuel and Equilibrium 135Xe as the fuel salt. The table lists the reactor power level, shim and central 
control rod insertion as well as the average outlet and maximum local temperatures at the low and high power 
states. The up ramp and down ramp load-following operations were performed to and from these states for 
the respective Fresh and Xenon cases. 
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axially), the resulting neutron fluxes and the associated volumetric heat generation was higher in 
the Fresh case compared with the Xenon case. 
Since we were interested in determining whether the thermal safety constraints of the reactor 
could be met during load-following operations, we used the more conservative Fresh case to 
provide the heat generation profile for the uncoupled thermal-hydraulics solution. 
 
Figure 14: Graphs of Reactor Power, Neutron Multiplication Factor (keff, presented as keff - 1), 
Outlet and Maximum Temperatures during power up ramp operations for Fresh Fuel (top) and 
Equilibrium 135Xe (bottom). In the graphs, the movement of the central control rod started at 
t = 0.00 s and completed at 0.66 s and 0.42 s for the Fresh and Xenon cases respectively. 
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3.2.3 Uncoupled Thermal-hydraulics Solution 
The temperature profile in the uncoupled thermal-hydraulics solution is shown in Figure 15. In 
the figure, we can clearly see that the highest temperatures occurred along the walls of the 
reactor features and the maximum local temperature reached around 1700 K (~1400 °C). As 
discussed in Section 3.2.1, this was due to the low fuel salt velocity along the walls of these 
reactor features, causing heat generated at these regions to be trapped by the stagnant flow (i.e. 
heat in these regions mostly dissipated via thermal diffusion instead of convection). As 
mentioned in Section 3.2.1, additional mixing due to turbulence in the fuel salt flow (not 
included in this simulation) should help in heat removal. 
 
Figure 15: Axial (left) and RZ (right) cross section planes of the temperature profile solved using the solutions from 
the neutronics and INS simulations at t = 600 s (10 mins). The greatest local temperatures occurred along the walls 
of the reactor features which correspond to the regions of low flow velocities in the INS solution. In the figure, the 
temperature scale shown was in Kelvins.  
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The maximum local temperature in the uncoupled thermal-hydraulics solution is shown in Figure 
16. In the top graph, the response time of the maximum local temperature in the combined 
solution was as fast as that in the simple advection case. However, while the maximum 
temperature in the simple advection case stabilized after around 20 s, the maximum local 
Figure 16: Graph of the maximum local temperature in the combined thermal-hydraulics 
solution plotted with the simple advection solution (top) for the first 18 seconds, as well as a 
long run plot for 200 seconds (bottom). The maximum local temperature stabilized around 
1420 °C at the end of the bottom graph.   
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temperature in the combined solution continued increasing. From the bottom graph in Figure 16, 
the temperature stabilized around 200 s, reaching 1420 °C.  
The maximum local temperature of 1420 °C obtained here clearly exceeded the temperature 
constraint of 900 °C for the Hastelloy components. This suggests that the methods used in this 
chapter might be inadequate and warrants an alternative approach in obtaining a temperature 
solution for the evaluation of the safety constraint. 
 
3.2.4 Degree of Physics Coupling and Associated Difficulty 
In this chapter, we have combined the heat generation profile from the neutronics simulation 
with the INS velocity field solution to yield the uncoupled thermal-hydraulics solution, where 
heat generated in the fissioning region of the core moved through the core by following the 
velocity field. The simulation has no coupling between the neutronics and INS physics because 
the neutronics and velocity fields were solved separately without feedback from each other. 
Extending from this approach would be a one-way coupling where either the INS velocity field 
solution is used in solving for the neutronics solution or vice versa. The determination of whether 
to use the neutronics solution or the INS solution as the independent variable depends on the 
relative sensitivities of the two different physics involved.  
Finally, if we include both the neutronics and INS physics kernels in the MOOSE/Moltres input 
file, we would solve both the neutronics and INS physics simultaneously and obtain a fully 
coupled (two-way) solution. This was the original intended approach of this study but was found 
to be unachievable due to the great computational cost required. 
The difficulty in moving from the uncoupled approach towards higher degrees of physics 
coupling can be summarized by the following two important factors: 
I. INS mesh size: The INS simulation requires a very fine mesh in order to solve for the 
velocity field of the TAP MSR accurately. This is in contrast to the mesh required by 
Moltres, which can tolerate relatively coarse meshes. In this work, we have refined the 
original mesh by a significant degree in order for the INS simulation to produce a 
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reasonable solution. Such mesh refinement can be seen in Figure 17, where the mesh 
interval near the periphery had increased by a factor of 6 and the axial interval had 
increased from once every 30 cm to once every 2.5 cm, a factor of 12. As a result of the 
mesh refinement, the degrees of freedom (DOF) in the INS simulation increased from 
0.33 M to 4.9 M (and to 2.5 M in an intermediate mesh with 5 cm axial interval). 
Using 1152 cores on the INL Falcon HPC, the INS simulation took about 110 hours to 
reach steady state (using the 5 cm axial mesh; 127 k core-hours) and an additional 6 
hours for the stabilization and refinement step (using the 2.5 cm axial mesh; 
7 k core-hours). 
II. Number of Variables: The INS problem contained 4 non-linear variables (pressure and 
the x-, y-, and z- velocity components) while the neutronics problem contained 11 non-
linear variables (2 neutron flux groups, temperature, and 8 delayed neutron precursor 
groups, DNP). To fully couple the neutronics and INS physics into one simulation, the 
neutronics kernels would have to share the fine mesh required by the INS simulation. 
Alternatively, a slightly weaker coupling approach could be taken with the use of the 
MOOSE MultiApp system where the INS physics submodule solves for 13 non-linear 
variables (pressure, three velocity components, temperature advection, and 8 DNP 
advection) before down-sampling and passing the temperature and DNP solutions to 
Moltres to solve for the neutron fluxes on a coarser mesh. 
The former approach would increase the degrees of freedom tremendously to an 
estimated 9.3M when using the 5 cm axial mesh (15 non-linear variables) while the latter 
approach would produce less accurate solutions without necessarily being less costly (13 
non-linear variables on fine mesh). Since the computational cost increases non-linearly 
with the increase in DOF, the simulation with the estimated 9.3M DOF would be 
prohibitively expensive to solve. 
In this chapter, moving from 2.5 M DOF to 4.9 M DOF resulted in an increase in 
computational time from 11 minutes to 40 minutes per timestep. If we assume that the 
computational cost increases in a quadratic manner with respect to DOF, a simulation 
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with 9.3 M DOF would require 160 minutes per timestep on 1152 cores, which would be 
an exceedingly costly endeavor. 
In light of the above, further physics coupling involving the 1/8th core geometry is unlikely to be 
practicable. In order to proceed with a higher degree of physics coupling, the size of the problem 
had to be reduced. This was done in Chapter 4 by simulating only a unit cell channel. 
  
Figure 17: Axial (left) and RZ (right) cross section planes of the TAP MSR mesh, showing the difference between 
the original Moltres mesh and the refined INS mesh. The refined mesh shown here has a perimeter interval that is 6 
times that of the original mesh, and an axial interval that is 12 times compared with the original mesh.   






Unit Cell Approach for 
Thermal-Hydraulics Simulation 
 
The unit cell approach was developed to study the localized temperature distribution without 
being severely limited by the computational resource requirements of the 1/8th core simulation. 
Figure 18: Side view of the full unit cell mesh. The fuel regions continuing axially from the moderator rods are 
shown in blue while the fuel channel is colored yellow. Due to the symmetry present in the unit cell, only one corner 
of the unit cell mesh was used in the simulations. 
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4.1 Methodology 
The unit cell approach involved the following key steps: 
1) We first generated a simplified mesh that represents a typical fuel channel in the TAP 
MSR as shown in Figure 18. This fuel channel consists of a central fuel region 
surrounded by four moderator rod quarters in each corner. Due to the symmetry present 
in the fuel channel, the actual mesh used was only one quarter of the unit cell and 
reflective boundaries were specified at the symmetry surfaces. 
 
2) Axially, the unit cell consists of the top and bottom plenum regions, in addition to the 
central region that is partially occupied by the moderator rod quarters. To simplify the 
mesh further, the cladding material (SiC) was also replaced by the material of the 
moderator rod (ZrH1.66). 
 
3) We then specify the appropriate simplified boundary conditions. For heat generation, the 
conservative neutron flux values of 100 × 1013 #/𝑐𝑚3 (Group 1) and 4 × 1013 #/𝑐𝑚3 
(Group 2) were used to determine the volumetric heat generation of 196 𝑊/𝑐𝑚3, which 
was specified for the region between the top edge of the bottom plenum (z = -150 cm) 
and the bottom edge of the shim control rods (z = -21 cm). [See Figure 19, z = 0 cm 
represents the middle of the core.] 
 
These values correspond to the typical values for the high-power state in the Fresh case. 
The velocity at the inlet and outlet was set to 59.4 cm/s while moderator surfaces were 
given the no-slip boundary condition. 
 
4) As with the earlier approach, we first solve for the steady state velocity profile (30 s 
simulation time) before introducing heat generation physics, in order to avoid overheating 
stagnant fuel. 
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The unit cell mesh size was also much finer than the 1/8th core mesh, with an element size of 
2.5 mm as compared with 25 mm for the 1/8th core mesh (a 10 × resolution increase). 
After obtaining the steady state velocity field solution at 30 s simulation time, we turned on the 
heat generation physics (INS physics kernels remain enabled) and the simulation solved for 
temperature advection, as well as the velocity and pressure fields in the presence of gravity. 
Since the density of the fuel salt is temperature dependent, the simulation is similar to the 
Boussinesq approach where we consider the effects of buoyancy lift caused by the lower density 
of the hotter fuel salt. In addition to this, we have also included the temperature dependent 









𝑃𝑎 ⋅ 𝑠 
Figure 19: Diagram showing the 
approximation of Group 1 neutron 
flux in the unit cell model from the 
Fresh case high-power state 
simulated using the 1/8th core model. 
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4.2 Unit Cell Model Results 
Figure 20 shows the evolution of the fuel average temperature, core exit temperature and 
maximum local temperature from the unit cell simulation. In the figure, the average fuel 
temperature increased approximately linearly before reaching a steady temperature of 613 °C at 
about 70 s. However, the maximum local temperature exhibited a notable fluctuation between 
750 °C and 785 °C and this fluctuation appears to have influenced the core exit temperature, 
which also showed a fluctuation between 630 °C and 640 °C. 
An examination of the simulation results revealed that the maximum temperature occurred at the 
top end of the heated region (z ≈ -21 cm) near the moderator rod surface where the axial fuel 
velocity was the lowest. This result was expected, as the slowest moving fuel salt near the 
surface would continuously gain heat until the end of the heated region where its thermal energy 
(and temperature) would be the greatest. However, the fluctuation in the maximum temperature 
in this region was unexpected. 
Figure 20: Graph of the maximum local temperature, average core exit temperature and 
average fuel salt temperature from the unit cell simulation. While the average fuel salt 
temperature increased fairly smoothly to a steady temperature, the maximum local 
temperature and average core exit temperature exhibited notable fluctuations. 
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Further examination of the results uncovered a region of flow instability near the bottom end of 
the moderator rod. From Figure 21, there was a sharp rightwards deflection of the fuel salt flow 
at the bottom of the moderator rod where the upwards flowing fuel salt meets an abrupt flow 
obstruction (moderator rod). This deflected flow continued for some distance before joining the 
bulk salt flow and in the region just above this flow deflection, two separating vortices can be 
clearly seen. The vortices are an example of the Kelvin-Helmholtz (KH) instability, which is 
caused by the velocity difference between the deflected fuel salt and the salt just above the 
deflection. In addition to this velocity difference, non-linear effects from the temperature 
Figure 21: Unit cell channel (left) showing the maximum temperature location as well as the zoomed-in 45° 
cross section view near the Kelvin-Helmholtz (KH) instability region (right), with the x- and y-axes scaled 
upwards by a factor of 10. The moderator rod has been excluded from the view so that the boundary can be  
seen clearly. The white arrows depict the direction and magnitude of the salt flow velocity while stream tracer 
lines help to visualize the salt flow. In the figure, the hot and cold plumes as well as the KH instability vortices 
can be clearly observed. 
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dependent density and viscosity helps to perturb the salt flow, which further drives the 
instability. 
As the flow was unstable, counter-rotating vortices would continually emerge and separate from 
the instability region before being swept upwards. When this happens, the fuel salt in this region 
would have fluctuating velocities, leading to an increased or decreased residence time in the 
heated region, which creates alternating hot and cold ‘plumes’. When a hot plume reaches the 
end of the heated region, it causes the maximum temperature to rise, and conversely for a cold 
plume. 
In addition to the plume effect, we should also note that unlike the laminar-like result discussed 
in section 4.3, the velocity field in the unit cell approach is no longer strictly in the axial 
direction. This means that the fuel salt near the moderator rod surface would be able to advect 
into the bulk fuel salt flow when it acquires some radial velocity. 
These effects lead to a fluctuation of the maximum local temperature as shown in Figure 20 and 
more importantly, result in a disruption of the continuous buildup of thermal energy by mixing 
otherwise stagnant fuel salt, thereby limiting the maximum local temperature. From the unit cell 
simulation with conservative volumetric heat generation, the peak maximum local temperature 
was no greater than 783 °C, which is below the temperature constraint of 900 °C specified in 
section 1.3. 
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4.3 Mesh Resolution in Unit Cell Model 
The mesh resolution has a very significant impact on the ability to simulate fine flow details such 
as those encountered in flow instabilities. This is illustrated in Figure 22, which shows the unit 
cell approach simulated with mesh sizes of 2.5 mm, 3.33 mm, and 5.0 mm. From the figure, as 
the mesh size increased, the flow became more regular and the vortices diminished before 
disappearing entirely in the 5.0 mm mesh. The disappearance of fine flow details was due to the 
mesh size being larger than the length scale of the flow features, such that there was not enough 
spatial resolution to resolve these flow features. Conversely, we expect that a decrease in mesh 
size would increase the spatial resolution and enhance the level of detail, resulting in a more 
complex and turbulent flow profile. 
An important consequence of the increase in mesh resolution was the appearance of a mixing 
effect that helped to disrupt the continuous buildup of heat in the fuel salt. This helped to limit 
the maximum local temperature of the fuel salt and was the reason for the notable difference in 
results between the unit cell approach and the 1/8th core approach. 
Figure 22: Unit cell approach simulated with three different mesh sizes of 2.5 mm, 3.33 mm, and 5.0 mm. The 
increase in mesh size resulted in a decrease in spatial resolution which led to the disappearance of fine flow details 
and features such as the vortices from the KH instability. 






Investigation on Gas Entrainment 
 
Besides the thermal-hydraulics simulations to investigate the temperature safety of the TAP 
MSR, we performed an investigation to determine the effects of gas entrainment on the 
neutronics behavior of the TAP MSR core. The source of the gas entrainment into the fuel salt 
would be the sparging process, which involves the introduction of Helium gas to absorb 135Xe 
and other fission gasses before a gas separation step to remove the gas from the fuel salt. In the 
case of an incomplete gas removal, tiny bubbles would remain trapped in the fuel salt that enters 
the reactor core, potentially affecting its load-following behavior. 
In order to study the effects of the gas entrainment, we simulated the up ramp load-following 
operation under the four conditions described in Table 5. 
 
 
Case Salt Composition 
Helium Volume 
Fraction 
1 - B0 BOL +6 days 
before sparging 
0% 
2 - B1 1% 
3 - A0 BOL +6 days 
after sparging 
0% 
4 - A1 1% 
 
  
Table 5: List of cases simulated in the gas entrainment 
study. 
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We chose the salt composition to be that at 6 days after BOL in order to allow 135Xe (and other 
fission products) to build up to a steady state. This is represented by Case 1 (B0), which is just 
before sparging, with 0% Helium volume fraction. Immediately after the start of gas sparging, 
assuming an incomplete gas removal giving rise to 1% gas entrainment, we would have a fuel 
salt composition that is effectively the same as that before sparging but with a slightly lower 
density. This is represented by Case 2 (B1). 
After running the sparging process for a sufficient amount of time, we would have removed 
almost all 135Xe but still with 1% gas entrainment. This is represented by Case 4 (A1). 
Thereafter, if we stop introducing additional Helium gas and allow the gas separator to run for a 
sufficient period of time, we would effectively remove all Helium gas and this is represented by 
Case 3 (A0). These four cases represent the extreme scenarios in the amount of gas entrainment 
and thereby allow us to bound the design and operation of the gas sparging system. 
 
5.1 Methodology 
The gas entrainment investigation involved the following key steps: 
1) We first generated the fuel salt compositions at 6 days after BOL, before and after 
sparging, using SaltProc [17] developed in Task 2 of the MEITNER project. 
 
2) We then used Serpent 2 to calculate the neutronics cross sections required by Moltres for 
the four cases. For the 1% Helium gas entrainment cases, we assumed homogeneous 
mixing of the gas into the fuel salt and we modified the density of the fuel salt 
accordingly to take into account the presence of the 1% Helium gas at 900 K7. 
 
3) Finally, we used the neutronics simulation methodology described in section 3.2 to obtain 
the high- and low-power states before performing the up ramp load-following 
simulations. In both 1% gas entrainment cases, we used the same control rod insertion 
 
7 The formula used to calculate the gas-entrained fuel salt density is 𝜌𝑓,𝑛𝑒𝑤 = 0.99𝜌𝑓 + 0.01𝜌𝐻𝑒, where we have 
used 𝜌𝐻𝑒 = 0.0526 𝑘𝑔/𝑚
3 for the density of Helium at 900 K. 
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positions as their corresponding 0% entrainment cases in order to determine the 
differences caused only by the gas entrainment. 
 
5.2 Results and Discussion 














1 – B0 (Low) 8.78 49 76 558.7 566.8 
1 – B0 (High) 83.4 49 64 635.5 723.9 
2 – B1 (Low) 6.74 49 76 556.9 565.0 
2 – B1 (High) 111.2 49 64 666.8 788.5 
3 – A0 (Low) 3.39 57 75 553.3 556.2 
3 – A0 (High) 90.7 57 61 644.1 735.2 
4 – A1 (Low) 22.9 57 75 570.1 591.4 
4 – A1 (High) 118.0 57 61 675.4 797.6 
From Table 6, we can see that while Case 1 (B0) and Case 3 (A0) were operating well within the 
reactor’s operation envelope, the entrainment of sparging gas into the fuel salt generally resulted 
in higher reactor power levels and operating temperatures. 
Comparing Case 1 (B0) and Case 2 (B1), the 1% gas entrainment led to a slightly lower power 
level (-2.04%, relative to rated power) at the low-power configuration but a significant increase 
in power level (+27.8%) at the high-power configuration. Similarly, between Case 3 (A0) and 
Case 4 (A1), gas entrainment lead to the higher power level changes of +19.5% and +27.3%, 
respectively. This implies that gas entrainment, resulting in lower fuel salt densities, would 
introduce an overall positive reactivity to the reactor core (i.e. a positive void coefficient). The 
positive void coefficient had been previously reported in [2] and is due to an increase in 
moderator-to-fuel ratio in the undermoderated TAP MSR8 [18].  
 
8 The TAP MSR was designed to begin operation with a low moderator-to-fuel ratio so that additional moderator 
rods can be gradually inserted to counteract the effects from the build-up of neutron absorbing fission products. 
Table 6: Summary of the reactor conditions for simulations performed with the simple advection scheme 
using fuel salt compositions in the four cases. The table lists the reactor power level, shim and central control 
rod insertion as well as the average outlet and maximum local temperatures at the high- and low-power states. 
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The results from the power up ramp simulations for these four cases are plotted in Figure 23. 
From the figure, all three important parameters (reactor power level, core outlet temperature and 
maximum local temperature) were higher in the 1% gas entrainment cases, as expected. 
Nonetheless, all four cases exhibited the same general up ramp behavior, which was a sharp rise 
in power level and temperatures before decreasing towards a new steady state due to negative 
Figure 23: Graphs of % Reactor Power, Outlet Temperature and Maximum Temperatures during 
power up ramp for the salt compositions ‘before’ sparging and after sparging (removal of 135Xe and 
other fission gasses). In the graph, the cases with 1% gas entrainment are plotted with dotted lines. 
The small spikes in the % Reactor Power were caused by a difference in the number of non-linear 
iteration solves in some time steps, due to the use of adaptive time stepping. 
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feedback. The key takeaway from the power up ramp simulations is that the reactor core’s 
response time to a load-following operation is remarkably fast, on the order of seconds, even 
with the presence of gas entrainment. 
 
5.3 Gas Entrainment and Reactor Safety 
Gas entrainment in the fuel salt introduces an overall positive reactivity to the reactor core. This 
means that with an intermittent gas sparging system, the sparging process should not be started 
when the reactor is operating close to its full rated power level. As discussed previously, the 
presence of gas entrainment did not significantly affect the speed of the reactor response. This 
suggests that the increase in reactor power level due to gas entrainment could be as fast as the 
rate of gas introduction into the system and that power reduction maneuvers should be 
undertaken in anticipation of a gas sparging operation9. 
We can reduce or even avoid the above issue by (i) limiting the fraction of fuel salt that is 
diverted to the gas sparging process and/or (ii) performing continuous gas sparging. In the 
former approach, we decrease the impact of starting the gas sparging process by limiting the rate 
of gas introduction into the system, thereby allowing the operator enough time to adjust for the 
changing power level. In the latter approach, we allow the system to operate continuously with 
1% gas entrainment (or any other efficiency limit of the gas separator) such that any additional 
removal of entrained gas would result in a decrease in reactor power level. Since we expect that 
the gas sparging system could be taken offline for maintenance, a combination of both 




9 It should be noted that while Table 4 and Figure 23 showed an overloading of the TAP MSR under gas 
entrainment, power reduction manoeuvres would have been undertaken in anticipation of gas sparging and such 
reactor overload should not occur in practice. 






Potential Extensions and 
Conclusion 
 
In this chapter, we discuss the potential extensions as well as the conclusions from this work. 
 
6.1 Potential Extensions 
6.1.1 Looping of Delayed Neutron Precursors in Fuel Salt 
In this work, the Moltres simulations focused specifically on the core of the reactor in order to 
study the neutronics behavior of the reactor during load-following. A potential extension would 
be to consider the rest of the primary loop and the effect it may have on the load-following 
behavior of the reactor core.  
One important consideration is the looping of delayed neutron precursors where the fuel salt 
would spend some time outside of the reactor core before being reintroduced into the bottom of 
the core. The looping of the precursors is expected to increase the reactivity of the reactor as 
previously generated neutron precursors are being reintroduced into the TAP MSR core. There 
will also be temporal effects on load-following due to the finite amount of time required for the 
fuel salt to complete a recirculation cycle. Therefore, it may be worthwhile to explore the effects 
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of the looping of delayed neutron precursors on the TAP MSR load-following behavior in future 
work. Such work may be performed using a system-wide simulation code such as the System 
Analysis Module (SAM) [19] developed at the Argonne National Laboratory. 
 
6.1.2 Neutron Spectrum and Load-Following 
According to the work by Rykhlevskii et al. [20], as the TAP MSR operates in the epithermal 
neutron spectrum at the beginning of life (BOL), the effects of 135Xe and 135I on changing power 
level is very much diminished and the iodine pit that occurs in conventional thermal-spectrum 
reactors does not exist in the TAP MSR at BOL. Therefore, the presence of 135Xe and 135I in the 
TAP MSR would not significantly affect the load-following capability (ramping rates) of the 
TAP MSR during BOL, as was the case in this work. 
However, the TAP MSR is expected to operate in an increasingly thermal neutron spectrum over 
the lifetime of the reactor as fission products build up and more moderator rods are inserted to 
maintain criticality. Previous research on a molten salt breeder reactor [17] had showed a notable 
change in control rod worth over the lifetime of the reactor as the neutron spectrum changes. As 
a result, it is expected that the effects of 135Xe and 135I on the load-following capability would 
also become more prominent for the TAP MSR over its lifetime. Hence, it may be worthwhile to 
explore the load-following behavior of the TAP MSR using fuel salt compositions at various 
stages of the reactor lifetime. This can allow us to fully understand the effects of the changing 
neutron spectrum and ascertain that sufficient shutdown margin can be maintained. 
These fuel salt compositions could be obtained using the SaltProc [21] code, which can simulate 
the online removal of targeted fission products while the fuel is being depleted. Such simulation 
of online fuel reprocessing is important in order to accurately predict the fuel salt composition 
over the lifetime of the reactor as more moderator rods are inserted to maintain criticality. 
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6.2 Conclusion 
In this work, we developed a method to simulate the neutronics behavior of the TAP MSR under 
load-following conditions. Based on the simulations, we observed that power overshoots are 
expected during rapid up ramp load-following operations. While this did not result in the 
exceeding of material temperature constraints under the improved control rod deployment, it 
would be prudent to minimize the stress to the reactor components during up ramps, such as by 
ramping up to approximately 80% of the rated reactor power before completing the power ramp 
at a lower rate. 
We have also studied the temperature safety of the TAP MSR by simulating its 
thermal-hydraulics behavior using the 1/8th core model and the unit cell model. While the 1/8th 
core model predicted a laminar-like flow, which led to a maximum local temperature in excess of 
1400 °C, the unit cell model was able to simulate the fuel salt velocity to a much higher fidelity 
and predict the presence of an unstable recirculation region. This unstable flow disrupts the 
continuous buildup of heat, leading to a lower maximum local temperature of 783 °C under a 
conservative volumetric heat generation rate. With the inclusion of turbulence effects expected in 
reality, we expect this maximum local temperature to decrease even further. 
In the process of performing the thermal-hydraulics study in this work, we have also made an 
improvement in the control rods deployment, which led to a greater uniformity of the neutron 
flux and heat generation profile. This provided an important improvement to the thermal safety 
of the reactor. 
Finally, we performed an investigation on the effects of gas entrainment and found that gas 
entrainment in the fuel salt introduces an overall positive reactivity to the reactor core. In 
response to this, we discussed two approaches to mitigate the safety issue arising from the 
positive void coefficient. An important point to be noted is that the reactor core’s load-following 
response time is on the order of seconds regardless of the presence of gas entrainment or 135Xe 
buildup, and that this response time is much faster than that required for power grid 
load-following. 
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In light of the above, based on the simulations performed in this study, we conclude that the TAP 
MSR core is able to perform load-following operations while doing so without exceeding its 
thermal safety constraints. 
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